Trophoblast stem cells differentiate into different trophoblast cell populations that are indispensable for successful pregnancy through interactions with the maternal uterine decidua. Rho GTPases play an important role in the regulation of trophoblast stem cell (TSC) self-renewal and differentiation; however, the role of Rho GDP-dissociation inhibitors (Rho GDIs) remains unclear. Here we report that overexpression of Rho GDIalpha resulted in rapid apoptosis of TSCs, while its knockdown promoted proliferation. Moreover, Rho GDIalpha knockdown also enhanced TSC invasion. Collectively, these results establish a potential mechanism whereby TSCs can balance growth and apoptosis, and thus ensure normal fetal development.
INTRODUCTION
Trophoblast stem cells (TSCs) give rise to all types of trophoblast cells, and are thus responsible for placental development. The maintenance and differentiation of TSCs are precisely controlled by cell signaling networks. Several genes have been implicated in the maintenance of proliferating, undifferentiated trophoblast cells in mice through the examination of their expression and phenotypic effects of loss-and gain-of-function mutants [1] . Genes, such as TEAD4, KLF5, CDX2, and EOMES, are related to trophoblast cell commitment during the early blastocyst stage, and contribute to TSC maintenance during placental development. Paracrine cell signaling, such as fibroblast growth factor (FGF) 4 from the inner cell mass, is essential for TSC selfrenewal [2, 3] . Transforming growth factor (TGF)-b also plays a role in maintaining TSC proliferation in mice [4] and rabbits [5] . In addition to transcription factors and growth factors, GTPase family proteins are also involved in regulating trophoblast function. For example, trophoblast cell spreading and migration through fibronectin-coated filters was reduced by treatment with Rho and Rho-associated coiled-coil-forming kinase (ROCK) inhibitors [6] . Furthermore, GTPases, such as Ras, which has been reported to signal through mitogen-activated protein kinase, have been identified as possible upstream regulatory factors of trophectoderm fate [7] . However, the role of Rho GTPasedissociation inhibitor (Rho GDI) a in trophectoderm development is still unclear. Rho GDIa is a member of the GDI family. It is widely expressed in mammalian cells and can interact with Rho GTPases, such as RhoA, Rac1, and Cdc42. It helps to balance switching between the inactive, GDPbound and active, GTP-bound states of Rho GTPases. Rho GDI is a key modulator of Rho GTPase function involved in many cell behavior processes related to cytoskeletal dynamics, including cell migration, invasion, adhesion, and differentiation [8, 9] .
Rabbits are reflex ovulators, allowing the precise monitoring of the pregnancy and implantation window. Furthermore, the trophectoderm forms unique structures, known as trophoblastic knobs, which can be easily identified [10, 11] . In addition, although rabbit TSCs are dependent on FGF4, they can only be cultured in serum-containing medium, and their characteristics resemble those of primate TSCs more than mouse TSCs [5, 12] . Rabbit TSCs thus provide an ideal model for studying the regulation of placentation and implantation.
We previously showed that calcium distribution affected rabbit TSC maintenance: thapsigargin (TG) induced calcium translocation from the cytoplasm into the nucleus, which, in turn, invoked Notch signaling, apoptosis, and suppression of TGF-b signaling in TSCs [13] . This process was accompanied by overexpression of Rho GDIa. The present study, therefore, aimed to determine the function of Rho GDIa in rabbit TSCs by determining the effects of its overexpression and knockdown on TSC apoptosis and migration.
MATERIALS AND METHODS

Rabbit TSC Culture
The TSCs used were derived from rabbit embryonic stem cells, as in our previous study [5] . Rabbit TSCs were cultured as described previously [13] . Briefly, cells were cultured in Dulbecco modified Eagle medium (DMEM; high-glucose, without sodium pyruvate; Invitrogen, Carlsbad, CA) supplemented with 2 mM glutamine, 0.1 mM mercaptoethanol, 13 nonessential amino acids (Invitrogen), 13 penicillin-streptomycin, and 15% defined fetal bovine serum (Hyclone, Logan, UT). Notably, rabbit TSCs did not require feeder cells and FGF4 supplement to maintain their undifferentiated status. Cells were used at passages 10-20 and were passaged with 0.05% EDTAtrypsin (Invitrogen) every 3-4 days. All chemicals were from Sigma Chemicals (St. Louis, MO), unless otherwise stated.
Plasmid Construction and Transfection
DNA fragments were amplified for cloning using PCR techniques with PfuUltra DNA polymerase (Takara, Dalian, China). The full open reading frames of rabbit Rho GDIa and the Rho GTPase family members RhoA, Cdc42, or Rac1 were cloned into pIRES2 DsRed-Express 2 (Clontech Laboratories, Inc., Mountain View, CA) or pcDNA 3.1 (þ) vectors (Invitrogen), respectively, to create the pIRES2 DsRed-Rho GDIa or Rho GTPase overexpression plasmid. TSCs were transfected with pIRES2 DsRed or pIRES2 DsRed-Rho GDIa plasmid, respectively. Briefly, 4 lg pIRES2 DsRed or pIRES2 DsRed-Rho GDIa plasmid was diluted in 200 ll serumfree DMEM (Invitrogen). Lipofectamine 2000 (10 ll; Life Technologies, Carlsbad, CA) was then diluted in 200 ll serum-free DMEM (Invitrogen). After gentle mixing and incubation for 20 min, the plasmid was added into the TSC culture dish. The medium was replaced with TSC medium 6 h posttransfection and the cells were harvested for analysis after 48 h, unless otherwise stated. Rho GDIa-overexpressing TSCs are hereafter referred to as TSCs overexpressing Rho GDIa.
For Rho GTPase overexpression experiments, TSCs were cotransfected with 4 lg pIRES2 DsRed-Rho GDIa plasmid and 4 lg empty pcDNA 3.1 (þ) (control), or RhoA, Cdc42, or Rac1 expression plasmid. After 48 h, cell proliferation was determined using a Cell Counting Kit-8 (CCK-8; Dojindo Laboratories, Kumamoto, Japan) according to manufacturer's instructions.
Knockdown of Rho GDIa
Three 97-mer oligonucleotides containing unique microRNA-adapted short hairpin RNA (shRNAmir) sequences targeting Rho GDIa were designed on the website (http://katahdin.cshl.org/siRNA/RNAi. cgi?type¼shRNA). The targeting 22-nt sequences were: 358shRNAmir, G A G A G A T C G T G T C C G G C A T G A A ; 1 3 3 s h R N A m i r , A C G A G AGCCTGCGCAAGTACAA; and 320shRNAmir, CGTGGAGTACCGGA TAAAGATC. These constructs were cloned into pTRIPZ and packaged with two other plasmids, psPax2 (gag, pol, tat, rev) and pMD2.G (vsvg), with a mass ratio of 3:2:2 by cotransfection into 293T cells. After 48 h of transfection, supernatant containing the pseudovirus was filtered through a Millex-HV Filter (0.45 lm, polyvinylidene difluoride, 33 mm; Millipore, Temecula, CA) to eliminate cell fragments, and concentrated with an Amicon Ultra-15 Centrifugal Filter Unit (Millipore). The concentrated virus was added into the TSC medium for infection. Nontransfected cells were killed by addition of 2 lg/ml puromycin to generate stable transfected cell lines. Rho GDI-knockdown TSCs are hereafter referred to as Rho GDIa KD TSCs, and shRNAmir 358 and shRNAmir 133 are referred to as shRNAmir 1 and shRNAmir 2, respectively.
Immunofluorescence
Cells were fixed with 4% paraformaldehyde (PFA) for 10-15 min at 258C and then rinsed three times in PBS, followed by permeabilization with 0.2% Triton X-100 for 10-15 min. Cells were then blocked in 5% bovine serum albumin for 30 min at 258C and incubated with primary and secondary antibodies (Supplemental Table S1 ; Supplemental Data are available online at www.biolreprod.org) or fluorescein isothiocyanate (FITC)-labeled phalloidin before imaging under an LSM 510 META confocal microscope (Carl Zeiss, Jena, Germany). Antibodies were obtained commercially and DNA was labeled with 4 0 ,6-diamidino-2-phenylindole (DAPI). An isotype-matched IgG was used as a negative control in each experiment.
Western Blot Analysis
Cultured TSCs transfected with pIRES-DsRed or pIRES-DsRed-Rho GDIa for 24 h were collected and washed with ice-cold PBS. Proteins were solubilized and extracted with RIPA lysis buffer (Santa Cruz Biotechnology, Inc., Santa Cruz, CA). Equal amounts of samples were analyzed by SDS-PAGE. Immunoblotting was performed using primary antibodies (Supplemental Table S1 ) and horseradish peroxidase-conjugated secondary antibodies (Supplemental Table S1 ). Images were obtained by enhanced chemiluminescence (Pierce, Rockford, IL), followed by exposure to Kodak autoradiography Biomax film (Kodak, Rochester, NY). All experiments were repeated three times.
RNA Analysis
Total RNA was extracted using Trizol reagent (Invitrogen). Complimentary DNA synthesis was performed using 1 lg of total RNA with the PrimeScript RT Reagent Kit (Takara). Quantitative PCR (qPCR) analysis was performed according to the manufacturer's instructions and monitored with SYBR green PCR master mix (SYBR Premix Ex Taq II; Takara) using the MyiQ2 Real-Time PCR Detection System (Bio-Rad, Hercules, CA). bActin was used as a control for normalization. Fold change in mRNA expression levels was normalized to the cycle threshold (Ct) using nontreated cells. The following primers were used: Rho GDIa, sense 5
Cell Proliferation Assay
Cell proliferation was determined using a Cell Counting Kit-8 (CCK-8; Dojindo Laboratories) according to manufacturer's instructions. Briefly, 133shRNAmir TSCs were seeded in a 24-well plate with 5 3 10 3 cells/well, and grown at 378C in the presence of 1 lg/ml doxycycline for 72 h, followed by the addition of 100 ll CCK-8 dye to each well. The cells were then incubated at 378C for 2 h and the absorbance was determined at 450 nm using a microplate reader (Awareness Technology, Inc., Palm City, FL) using TSCs without doxycycline as a control. TSC proliferation was expressed as mean optical density at 450 nm (6SEM).
Cell Invasion Assay
Cell invasion assays were performed in polycarbonate membrane transwell chambers with an 8-lm pore size (Corning, New York, NY) [14] . The filter was coated with 100 ll 1:20-diluted Matrigel (Becton Dickinson, Franklin Lakes, NJ) in cold DMEM (Invitrogen). The Matrigel layer was allowed to dry overnight at room temperature and rehydrated the next day with 100 ll DMEM for 2 h at 378C under 5% CO 2 . TSCs (1 3 10 5 , pretreated with doxycycline for 72 h) were then added into the upper chamber of each well, and the bottom chamber was filled with 800 ll TSC medium. The same number of untreated cells was used as a control. After 16 h, the membranes were fixed in 4% PFA and the cells on top of each membrane were scraped off. The membrane was then rinsed with distilled water and stained with hematoxylin solution for 10 min. After washing with distilled water, the membrane was dipped in 95% alcohol for 5 sec and then stained in eosin solution for 2 min. The membrane was washed twice in 70% alcohol before imaging under an optical microscope. Five separate regions of the transwell membrane were randomly selected and the cells invading the membrane were counted manually. Each experiment was carried out at least three times.
In Vitro Differentiation of Rabbit TSCs
TSC differentiation was induced by the addition of dibutyryl cAMP (dbcAMP) to the culture medium. Briefly, 2.5 3 10 4 cells/well (pretreated with doxycycline for 72 h) were seeded onto a six-well plate and 4 mM dbcAMP was added to the culture medium. After treatment for 48 h, cells were harvested for analysis. All experiments were performed three times using cells at passages 10-20.
Statistical Analysis
The results are presented as means 6 SEM. Statistical analyses were performed using SPSS version 11.0 software (SPSS Inc., Chicago, IL). A P value 0.05 indicated a significant difference.
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RESULTS
Overexpression of Rho GDIa Induced Apoptosis in TSCs
In order to explore the function of Rho GDIa in TSCs, we overexpressed Rho GDIa in the mammalian expression vector pIRES2 DsRed2. After 24 h of transduction, red fluorescent protein (RFP)-reported Rho GDIa expression could be detected by fluorescence microscopy and Western blotting analysis (Supplemental Fig. S1A ). The morphology of TSCs overexpressing Rho GDIa changed from epithelial shaped to round, and the cells became detached from the bottom of the dish (Fig. 1A) . To confirm if overexpression of Rho GDIa impaired cell adhesion, RFP-positive TSCs overexpressing Rho GDIa were sorted by fluorescenceactivated cell sorting (FACS) and put into new dishes coated with 0.5% gelatin. TSCs overexpressing Rho GDIa hardly reattached to the bottom of the dish, while TSCs transfected with empty pIRES2-DsRed2 vector attached well (Fig. 1B) . The filamentous actin (F-actin) cytoskeleton network regulates cell shape, migration, adhesion, and division [15] . We therefore detected the F-actin network in TSCs by staining with FITC-phalloidin. Interestingly, there was no obvious stress-fiber formation in TSCs overexpressing Rho GDIa (Fig. 1C) , suggesting that Rho GDIa overexpression impaired the F-actin cytoskeleton network. A significantly higher proportion of cells underwent cell nucleus fragmentation accompanying actin cytoskeleton disruption (Fig. 1, C  and D) .
The Rho/ROCK pathway is involved in the modulation of cell survival [16, 17] , and TSCs overexpressing Rho GDIa failed to proliferate after FACS sorting and underwent nuclear fragmentation. We investigated if TSCs overexpressing Rho GDIa were apoptotic. As shown in Figure 1 , A and C, the nuclei of TSCs overexpressing Rho GDIa were clearly pyknotic and fragmented, indicating the induction of apoptotic cell death [18] , while levels of the active form of caspase-3 protein, which is indispensable for apoptotic chromatin condensation and DNA fragmentation, were also increased (Fig. 2, A and B) [19] . To detect which Rho GTPase family member was the target of Rho GDIa, we expressed RhoA, Cdc42, and Rac1 in TSCs overexpressing Rho GDIa. Overexpression of RhoA restored TSC proliferation after Rho GDIa overexpression (Supplemental Fig.  S2 ). These results suggest that Rho GDIa plays an important role in the regulation of cell morphology and survival, and that RhoA may be a direct target of Rho GDIa.
Rho GDIa Knockdown Increased TSC Proliferation Ratio, but Had No Obvious Influence on TSC Differentiation
Given that overexpression of Rho GDIa promoted TSC death, we investigated if its knockdown had a beneficial effect on TSC survival. We knocked down endogenous Rho GDIa expression using the pTRIPZ lentiviral-inducible shRNA expression system. TSCs were infected with virus containing three shRNAmir constructs targeting Rho GDIa mRNA to establish three cell lines after puromycin selection. 
RHO GDIa INDUCES APOPTOSIS OF TROPHOBLAST CELLS
Because the vector was engineered to be Tet-On and tightly regulated, shRNAmir expression, and thus Rho GDIa knockdown, could be driven by the addition of doxycycline into the TSC medium. Two (358shRNAmir/shRNAmir 1 and 133shRNAmir/shRNAmir 2) of the three shRNAmirs (358, 133, and 320 shRNAmirs) were able to knockdown endogenous Rho GDIa expression (Supplemental Fig. S1B) . We then detected cell proliferation by CCK-8 dye in one line of Rho GDIa KD TSCs (shRNAmir 2), according to the manufacturer's instructions. Rho GDIa knockdown promoted TSC proliferation, but failed to rescue TG-induced growth arrest, which increased Rho GDIa expression (Fig.  3A) . Given that TSC proliferation was up-regulated by Rho GDIa knockdown, while its overexpression enhanced EOMES (TSC marker) and HAND1 (giant trophoblast cell marker) expression levels (Fig. 3B) , we determined if the change in cell proliferation ratio affected stem cell maintenance and differentiation. GCM1 (syncytiotrophoblast marker) and HAND1 were used to measure the differentiation level of TS cells, while EOMES was used as a TSC stemness marker. The expression levels of these genes were unaffected by Rho GDIa knockdown, as demonstrated by qPCR, suggesting that Rho GDIa depletion promoted TSC proliferation, but did not affect their stem cell identity (Fig.  3C) .
Rho GDIa Knockdown Promoted TSC Invasion
During placentation, trophoblast cells lose their epithelial morphology and acquire the ability to migrate and invade, which are among the most important biological functions of trophoblast cells [20] . Given that down-regulation of Rho GDIa promoted TSC proliferation, we determined if its knockdown also affected TSC invasion. Cell invasion was enhanced in Rho GDIa KD TSCs (shRNAmir 1) (Fig. 4, A-C) , and this effect was confirmed in shRNAmir 2 knockdown cells (Fig. 4, D-F) . Moreover, the numbers of cells that migrated through transwell filters were significantly increased in Rho GDIa-knockdown cell lines (Fig. 4, G and H) .
Rho GDIa Knockdown Did Not Affect the Differentiation Ability of TSCs
Given that Rho GDIa knockdown promoted TSC proliferation, but had no effect on their self-renewal, we investigated if 
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Rho GDIa knockdown affected the differentiation ability of TSCs induced with dbcAMP. We induced Rho GDIa KD TSCs to differentiate using 4 mM dbcAMP. TSC differentiation is accompanied by an enlarged nucleus, and we therefore measured nuclear size to quantify cell differentiation. Interestingly, Rho GDIa KD TSCs had similar nuclear areas to wildtype TSCs when both types of cell were treated with dbcAMP (Fig. 5A) . We then monitored trophoblastic-derivative (HAND1 and GCM1) marker gene expression levels during induction. The expression patterns of the trophoblast-derivative markers GCM1 and HAND1 were similar in control (without doxycycline) and Rho GDIa KD TSCs. HAND1 expression fluctuated, with two peaks after 8 and 36 h of dbcAMP treatment, respectively. Strikingly, HAND1 expression decreased to its initial level after treatment for 48 h (Fig. 5C ). GCM1 expression increased in both control and Rho GDIa KD TSCs after 24 h of treatment (Fig. 5D) . These results further confirmed that Rho GDIa depletion did not affect the differentiation ability of TSCs.
DISCUSSION
Rho GTPases regulate a wide range of biological processes, including cell proliferation, migration, and cell fate specification. Under physiological conditions, Rho GDIs interact with and regulate the activities of many Rho GTPases, including RhoA, RhoC, Rac1, Rac2, and Cdc42 [21] . To date, three types of Rho GDIs (Rho GDIa, Rho GDIb, and Rho GDIc) have been identified, among which Rho GDIa is the most abundant member [22] . Rho GDIa is widely recognized as a modulator of Rho GTPase function; however, its biological behavior in stem cells remains poorly understand. TSCs represent an excellent model for exploring Rho GDI function because of their high motility, associated FIG. 3 . Rho GDIa knockdown increased TSC proliferation, but had no obvious effect on TSC differentiation. A) Cell proliferation assay in Rho GDIa KD TSCs. Rho GDIa knockdown increased TSC survival and proliferation, but failed to rescue TG-induced growth arrest (n ¼ 3, *P 0.05). B) GCM1, HAND1, and EOMES expression levels were detected after overexpression of Rho GDIa in TSCs. HAND1 and EOMES expression were slightly increased, whereas GCM1 expression remained stable. Values represent mean 6 SEM from three experiments using different passage TSCs. Notably, Rho GDIa overexpression enhanced EOMES (TSC marker) and HAND1 (giant trophoblast cell marker) expression levels, though the effects were not significant. C) Rho GDIa knockdown had no significant effect on GCM1, HAND1, or EOMES expression. Values represent mean 6 SEM from three experiments using different passage TSCs. Differences in gene expression between Rho GDIa KD and control TSCs were not significant.
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with differentiation, migration, epithelial-mesenchymal transition (EMT), and hormone secretion [23] . In the current study, we found that overexpression of Rho GDIa in rabbit TSCs activated the caspase-3 cascade leading to apoptosis, as well as disrupting the F-actin network, resulting in loss of cell adhesion ability. In mammals, Rho GTPases regulate diverse actin cytoskeletal dynamics. Upon activation (binding to GTP), Rho GTPases activate ROCK and mammalian homologue of Drosophila diaphanous (mDia). ROCK, in turn, phosphorylates myosin light-chain phosphatase and nonmuscle myosin II, which leads to activation of myosin. After polymerization of actin filaments by mDia, myosin motor proteins bind to actin filaments to promote stress-fiber formation [24, 25] . Han et al. recently reported that interference with expression of RhoA, but not RhoC, in human trophoblast cells also caused F-actin network disrup- Wild-type TSCs and non-doxycycline-treated cells were used as negative controls. Bar ¼ 100 lm. All analyses were repeated three times and representative images are shown. G-H) TSC migration was quantified by the numbers of cells that migrated through the filters (n ¼ 3, **P 0.01).
ZHANG ET AL.
tion and cell shrinkage [26] . Our results also confirmed that RhoA could partially rescue the effects of Rho GDIa overexpression. Overall, these results indicate that RhoA is a common target in the regulation of the actin cytoskeleton in trophoblast cells in different species. Further studies are warranted to determine if Rho GDIa regulates cytoskeleton disruption and apoptosis separately or synergistically.
The results of the present study indicate that knockdown of Rho GDIa promoted proliferation and invasion of rabbit TSCs, with no evidence for other side effects. This is in accord with previous studies that also demonstrated that knockout of only one type of Rho GDI had only mild phenotypic effects in yeast and mice [27, 28] , in contrast to Rho GDI overexpression, which resulted in rapid cell death. This phenomenon has also been observed in other systems. For example, X-linked inhibitor of apoptosis protein enhanced HCT116 cancer cell migration through interaction with Rho GDI via its RIGN domain and negatively modulated Rho GDI SUMOylation [9] , while b8 integrin bound Rho GDIa and activated Rac1 to inhibit mesangial cell myofibroblast differentiation [8] . One possible explanation for the mild phenotypic effect is that other Rho GDIs or other factors may compensate when only one type of Rho GDI is disrupted, whereas overexpression of Rho GDIa may affect the entire cellular GDI pool and drive Rho GTPases out of their functional sites (membranes), resulting in apoptosis.
Knockdown of Rho GDIa promoted invasion/migration of TSCs, but had no effect on either their spontaneous or induced differentiation abilities. Enhanced invasion/migration is associated with EMT [29, 30] , and we therefore speculated that enhancement of EMT did not disrupt TSC multipotency. Interestingly, ectopic overexpression of Snail, which is a major EMT regulator [31] , enhanced mouse TSC invasiveness, but had no obvious influence on maintenance of their stemness [32] . Taken together, these results suggest that EMT and stemness are regulated independently in TSCs. In human pregnancies, inadequate invasion of fetal trophoblast cells into the maternal decidua results in impaired vessel remodeling and placentation, leading to intrauterine growth restriction [33] . The Rho GDIa-downstream factor RhoA modulates cell migration through regulating actin cytoskeleton rearrangement. Rho GDIa may thus represent a promising future therapeutic target for intrauterine growth restriction.
In summary, we have demonstrated that overexpression of Rho GDIa resulted in rapid apoptosis and disruption of Factin in rabbit TSCs, while its knockdown promoted TSC proliferation and invasion (Fig. 6) . These results shed further light on our understanding of human implantation and placentation, and on the molecular pathophysiology of FIG. 5. Knockdown of Rho GDIa had no effect on dbcAMP-induced TSC differentiation. A) Nuclear area was calculated in Rho GDIa KD (shRNAmir 1) TSCs after addition of dbcAMP for 48 h. Nuclear area in photographs was calculated as an ellipse using a micrometer (n ¼ 3, *P 0.05). B-D) EOMES, HAND1, and GCM1 expression patterns were similar in shRNAmir 1-transduced TSCs with or without doxycycline treatment after the addition of dbcAMP for 48 h. Values represent mean 6 SEM from three experiments using different passage TSCs. Differences in gene expression between RhoGDIa KD and control TSCs were not significant.
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